INTRODUCTION
============

Matrix adhesions, comprising a constellation of integrin-driven assemblies of structural and signaling components ([@B15]; [@B21]), play central roles in the biology of metazoans, controlling cell interactions with the extracellular matrix (ECM), migration, proliferation, and differentiation. In migrating cells, nascent adhesions ([@B9]) form at the cell anterior after ECM engagement of integrins and are associated with poly­merizing actin. Some of the nascent adhesions disassemble within minutes ([@B9]), and the remainder grow and mature into focal complexes (∼0.5 μm) and then focal adhesions (FAs; 1--5 μm); this evolution is driven by force ([@B16]). Adhesions are heterogeneous, exhibiting marked variability in composition, structure, and function ([@B15]; [@B21]), although they may have a modular nanostructure ([@B34]), and each module may play a distinct role in adhesion function.

Adhesions are initiated and maintained by integrin engagement of the ECM; however, integrins are expressed in a low-affinity state and require activation to bind ECM with high affinity ([@B35]). The binding of talins to the integrin β-subunit cytoplasmic tail is a final common step in integrin activation in vitro, in vivo ([@B35]), and in purified systems ([@B38]), and much has been learned about the details of talin-induced activation ([@B35]). The entire spectrum of integrin-based adhesions contains talin ([@B15]), which is required for adhesion formation ([@B7]); however, talin is autoinhibited, and most talin molecules are cytosolic ([@B5]) because integrin- and membrane-binding sites are masked by intramolecular interactions ([@B37]; [@B19]; [@B4]). Recent work has begun to decipher how the talin--integrin association is regulated to control integrin activation.

Rap GTPases are important regulators of integrin activation ([@B6]). Rap1-GTP-interacting adaptor molecule (RIAM) is a Rap1 effector implicated in activation ([@B27]). Lamellipodin is a RIAM paralogue that is also present in many cells ([@B25]), and MIG-10, the *Caenorhabditis elegans* orthologue, is involved in axonal path finding ([@B11]). RIAM overexpression induces β1 and β2 integrin--mediated cell adhesion, and RIAM depletion inhibits Rap1-dependent activation ([@B27]; [@B20]), indicating that RIAM is downstream of Rap1. GTP-bound Rap1 induces formation of a complex containing RIAM and talin, resulting in talin recruitment to integrins and consequent activation ([@B20]; [@B36]). Thus RIAM functions as a scaffold that in effect connects the membrane-targeting sequences in Ras GTPases to talin, thereby bringing talin to the plasma membrane, where it activates integrins.

Here we examine the relationships between two talin-binding proteins, vinculin and RIAM, in the formation and maturation of integrin-based adhesions. We report that vinculin and RIAM localize differentially: RIAM is most abundant at the plasma membrane in the lamellipodium rather than in mature FAs, sites where vinculin is most enriched. Furthermore, in maturing adhesions, RIAM initially precedes vinculin accumulation and is then subsequently reduced in mature adhesions due to direct competition between the two proteins for binding sites on talin. Vinculin deposition is known to stabilize adhesions and to increase their ability to transmit force ([@B39]; [@B22]), whereas we report that RIAM promotes lamellipodial protrusion. These data delineate a simple biochemical molecular switch, the displacement of RIAM by vinculin, which leads to the transition of integrin-based adhesions from drivers of lamellipodial protrusion to stable FAs. In addition, we propose that these two proteins that induce talin binding to integrins lead to assembly of distinct multiprotein modules, one regulated by Rap1 and one by tension, and that change in the abundance of these modules within maturing adhesions contributes to the temporal evolution of their functions.

RESULTS
=======

Vinculin and RIAM exhibit different localizations within adhesions
------------------------------------------------------------------

Previous work reported that RIAM is partially colocalized with talin at adhesion structures ([@B20]) in the lamellipodium. We directly compared the localization of RIAM and vinculin in murine fibroblasts plated on fibrinogen or fibronectin. RIAM and vinculin were both present in the same focal complexes in the lamellipodium and in focal adhesion (Manders co-occurrence coefficient, 0.98/0.975; [@B31]). However within these structures, their abundance was not well correlated (Pearson *r* = --0.13; [@B1]). In particular, RIAM staining intensity was highest in the membrane and focal complexes in protrusions and was markedly reduced at the mature adhesions located nearer to the cell center. In contrast, vinculin staining was most concentrated in more centrally located mature FAs and notably less in the RIAM-enriched focal complexes in the protrusions ([Figure 1](#F1){ref-type="fig"} and Supplemental Figure S1).

![Localization of RIAM and vinculin in adhesion structures. Immunofluorescence localization of endogenous RIAM (green) and endogenous vinculin (red) in NIH 3T3 fibroblasts plated for 1 h on coverslips coated with fibrinogen (10 μg/ml) imaged with Olympus IX81 microscope with a spinning-disk head. The square inset shows the magnified region. A line scan, performed over an adhesion in the enlarged region, is also depicted (vinculin in red and RIAM in green). The Manders coefficient (for co-occurrence) and Pearson\'s coefficient were calculated for the enlarged region. Scale bar, 5 μm.](1354fig1){#F1}

RIAM accumulation precedes vinculin within adhesions
----------------------------------------------------

To assess the spatiotemporal patterns of localization of RIAM and vinculin in forming adhesions, we transiently transfected murine fibroblasts with plasmids encoding green fluorescent protein (GFP)--RIAM and mCherry-vinculin and examined the dynamics of each of these proteins by total internal reflectance microscopy (TIRFM). RIAM was abundant in the earliest detectable adhesions at the protruding membrane edge and in newly formed focal complexes near the edge. In contrast, vinculin was much less evident in the most membrane-proximal complexes but increased in the same adhesions as they matured ([Figure 2](#F2){ref-type="fig"} and Supplemental Video S1). To test whether the kinetics was integrin or cell type specific, we performed a similar experiment with CHO cells expressing α4β1 integrins (CHOα4) plated on fibronectin, as this integrin drives markedly increased protrusive activity ([@B30]), and a similar pattern of initial high RIAM abundance, followed by increasing vinculin abundance, was observed (Supplementa1 Figure S2 and Supplemental Video S2). As an alternative approach, these cells were adhered to the α4 integrin--binding CS1 fragment of fibronectin ([@B23]) and stimulated by treatment with phorbol 12-myristate 13-acetate (Supplemental Figure S3 and Supplemental Video S3). Under these conditions, the adhesions matured by expanding retrograde from the membrane with little leading-edge retraction. RIAM preceded vinculin in these adhesions and was enriched in the membrane-proximal region, whereas vinculin was enriched in the membrane-distal region of the same adhesion (Supplemental Figure S3).

![RIAM precedes vinculin at newly formed adhesions. 3t3 cells were transiently transfected with cDNA encoding GFP-RIAM (green) and mCherry vinculin (red) and spread for 45 min on coverslips coated with 10 μg/ml fibrinogen before time-lapse imaging by TIRFM (Supplemental Video S1). The boxed region with active adhesion formation is enlarged and depicted as a montage of 5-s intervals for 220 s. The arrows point to the earliest observed recruitment of RIAM or vinculin to an adhesion. Scale bar, 5 μm.](1354fig2){#F2}

RIAM drives lamellipodial membrane protrusions
----------------------------------------------

Vinculin causes the formation of stable adhesions that transmit force ([@B39]; [@B21]); however, the functional role of RIAM-driven adhesions is not clear. We used vinculin-null fibroblasts to examine the role of RIAM in cellular behavior in the absence of vinculin-mediated events. The vinculin-null cells exhibited large lamellipodia, with multiple RIAM-containing adhesions throughout the lamellipodium (Supplemental Figure S4). These lamellipodia exhibited relatively uniform lamellipodial protrusions ([Figure 3, a and b](#F3){ref-type="fig"}) and Supplemental Video S4). Silencing RIAM with two different shRNAs collapsed the lamellipodium; reexpression of siRNA-resistant RIAM restored lamellipodial protrusion ([Figure 3, a and b](#F3){ref-type="fig"}). Similar effects were observed when RIAM was silenced in vinculin-replete murine fibroblasts (Supplemental Figure S5). Thus RIAM-driven adhesions are enriched in the lamellipodium, where they mediate protrusion.

![RIAM-based adhesions drive lamellipodial protrusion. (a) Vinculin-null MEFs were infected with lentiviruses encoding control shRNA, RIAM shRNA (2am), or RIAM shRNA (3am). These cells were then transfected with the membrane marker mCherry Ras-Caax either alone or in combination with cDNA encoding shRNA-resistant BFP-RIAM. The transfected cells were imaged at 5-s intervals for 5 min. An actively protruding part of the cell and cell edge was computationally detected as described in *Materials and Methods*, and the images of the edge at different times were superimposed. The time of imaging was indicated by the edge pseudocolor as depicted in the heat map to the right of the image. (b) The change in protrusion area over time in the four conditions depicted in (a). Each point depicts the mean ± SEM for the indicated number of cells. There was a statistically significant difference in control vs. 2am shRNA (*p* = 0.0062), control vs. 3am shRNA (*p* = 0.0079), and 2am shRNA + BFP-RIAM vs. 2am shRNA alone (*p* = 0.0067).](1354fig3){#F3}

Vinculin competes with RIAM for binding to talin and displaces RIAM from adhesions
----------------------------------------------------------------------------------

The N-terminal 30 residues of RIAM and the vinculin D1 domain (Vh; [@B17]) bind directly to talin ([@B29]). The differential distribution of vinculin and RIAM described in the foregoing raised the possibility that the two proteins might compete with each other for binding to talin. Purified recombinant Vh inhibited the binding of talin to an N-terminal fragment of RIAM, whereas the Vh(A50I) mutant, which has a reduced affinity for talin ([@B3]), failed to do so ([Figure 4a](#F4){ref-type="fig"}). Conversely, a synthetic RIAM peptide that contains the minimal talin-binding site ([@B29]) inhibited the binding of Vh to talin, whereas the talin binding--deficient RIAM-4E(6-30) mutant peptide ([@B29]) did not ([Figure 4b](#F4){ref-type="fig"}). Thus RIAM and vinculin bind to talin in a mutually exclusive manner. Of importance, the IC~50~ of Vh was ∼100-fold lower than that of the RIAM peptide, suggesting that the favored reaction in cells would be displacement of RIAM by vinculin.

![Vinculin and RIAM compete for binding to talin. (a) Vh displaces RIAM (1--301) from talin. Increasing amounts of recombinant Vh or talin binding--defective His6-Vh (A50I) were incubated with the mixture of recombinant talin and GSH matrix-immobilized GST-RIAM (1--301). After washing, bound proteins were fractionated by SDS--PAGE, stained with Coomassie blue, and quantified by infrared scanning densitometry. (b) RIAM (6--30), comprising the minimal talin-binding fragment of RIAM, competes with vinculin for binding to talin. Increasing amounts of RIAM (6--30) peptide or the nonbinding RIAM-4E (6--30) peptide were added to the mixture of recombinant talin and GSH-bound GST-Vh. Bound proteins were separated by SDS--PAGE, stained by Coomassie blue, and quantified by infrared scanning densitometry. Mean values of duplicates are shown in (a) and (b).](1354fig4){#F4}

To determine whether vinculin could displace RIAM from adhesions in cells, we expressed mCherry Vh or Vh(A50I) in vinculin-null mouse embryo fibroblasts. mCherry-Vh was predominantly present in focal adhesions that contained little RIAM ([Figure 5a](#F5){ref-type="fig"}), whereas RIAM was extensively colocalized in Vh(A50I)-containing adhesions ([Figure 5b](#F5){ref-type="fig"}). The RIAM was present in small, vinculin-negative clusters at the cell edge in both Vh- and Vh(A50I)-transfected cells, indicating that a fraction of membrane-associated RIAM is not displaced by Vh. The failure of Vh to displace RIAM from the membrane edge is consistent with the ability of Rap1-RIAM to localize to membranes in the absence of talin ([@B20]).

![Expression of Vh, a talin-binding fragment of vinculin, displaces RIAM from adhesion structures. *Vin^−/−^* MEF cells were transiently transfected with cDNA encoding (a) GFP-Vh (vinculin (2--258), D1 domain ) or (b) GFP-Vh(A50I) and adhered for 60 min to coverslips coated with 10 μg/ml fibronectin before fixation and staining for endogenous RIAM (red). Cells were imaged by TIRFM illumination set at 80-nm penetration depth. Line tracings parallel and at various distances to the cell edge indicate abundance of Vh relative to endogenous RIAM in adhesion structures. Scale bars, 5 μm.](1354fig5){#F5}

Vinculin binding induces Rap1-independent talin--integrin association and integrin activation
---------------------------------------------------------------------------------------------

Rap1-RIAM can drive talin-mediated integrin activation ([@B27]; [@B20]); it is unclear how integrin activation might be regulated if vinculin displaced RIAM during the processes of FA maturation. We tested whether vinculin has the ability to promote integrin activation by expressing Vh in combination with talin or talin(W359A), a mutant with reduced affinity for integrin β3 ([@B14]), in cells expressing integrin αIIbβ3. Vh increased binding of PAC1, an activation-specific antibody, confirming ([@B22]) that vinculin is able to activate integrins ([Figure 6a](#F6){ref-type="fig"}). Activation depended on talin--integrin interaction, since Vh coexpression with talin(W359A) failed to enhance PAC1 binding ([Figure 6a](#F6){ref-type="fig"}). Vinculin is autoinhibited via head--tail intramolecular interactions, which control talin binding ([@B39]). To test whether vinculin-mediated activation is regulated by its interaction with talin, we used two vinculin mutants to measure their ability to induce integrin activation: Vh(A50I), which has reduced capacity to bind talin, and vinculin T12, which is in an open conformation and constitutively binds talin ([@B10]). When coexpressed with talin, Vh induced Pac1 binding and integrin activation, whereas Vh(A50I) did not ([Figure 6b](#F6){ref-type="fig"}). Furthermore, Vinculin T12 greatly enhanced activation relative to full-length vinculin. These results indicate that the talin-binding capacity of vinculin, which is regulated by a vinculin head-to-tail interaction, is required for vinculin-induced integrin activation.

![Vinculin binding to talin induces integrin activation via a Rap1-independent mechanism. (a) Vh activates integrin αIIbβ3. CHO-A5 cells were cotransfected with cDNAs encoding HA-talin, integrin binding-defective HA-talin (W359A), or empty vector in combination with either GFP-Vh or GFP as indicated. After 24 h, cells were harvested, and the binding of activation-specific antibody PAC1 was measured by flow cytometry. Activation index (mean ± SE; *n* ≥ 3) was calculated as described in *Materials and Methods*. The difference between talin and talin(W359A) was statistically significant (*p* = 0.003). Expression of recombinant proteins was assessed by immunoblotting (right). (b) Vinculin-induced activation of integrins is dependent on vinculin--talin interaction. CHO-A5 cells were cotransfected with plasmids encoding HA-talin and GFP-Vh, GFP-Vh (A50I), GFP-vinculin full length, or GFP-vinculin full length (T12) as indicated. Integrin activation was measured by flow cytometry (mean ± SE; *n* ≥ 3), and protein expression was verified by immunoblotting as in (a). The differences between Vh and Vh(50I) (*p* = 0.039) and vinculin and vinculin T12 (*p* = 0.002) were statistically significant. (c) Vinculin-driven integrin activation is independent of Rap1 activity. CHO-A5 cells were transfected with cDNA encoding hemagglutinin (HA)-talin in combination with GFP-Vh or GFP-RIAM (1--301) in the presence or absence of Rap1GAP as indicated. Integrin activation was measured by flow cytometry (mean ± SE; *n* ≥ 3), and protein expression was confirmed by immunoblotting as in (a). The difference between RIAM (1--301) and RIAM (1--301) + Rap1GAP was statistically significant (*p* = 0.036), whereas that between Vh and Vh + Rap1GAP was not (*p* = 0.44). (d) Vinculin increases the interaction of talin with integrin β3 cytoplasmic tail in vitro. Immobilized integrin cytoplasmic tails were incubated in the presence or absence of recombinant talin in the presence or absence of recombinant Vh. Bound proteins were separated by SDS--PAGE and analyzed by immunoblotting. SDS--PAGE of integrin tails was stained by Coomassie blue to verify equivalent loading. (e) Vinculin increases talin binding to integrin β3 in vivo. CHO-A5 cells were transfected with cDNAs encoding HA-talin alone or in combination with GFP-Vh or GFP-Vh(A50I) and lysed, and β3 integrins were immunoprecipitated with anti-β3 antibody. Coimmunoprecipitated proteins and whole-cell lysate (WCL) were separated by SDS--PAGE and analyzed by immunoblotting for talin (α-HA), Vh (α-GFP), and integrin αIIb.](1354fig6){#F6}

RIAM-mediated integrin activation is Rap1 GTPase dependent ([@B27]; [@B20]). To test whether vinculin-stimulated integrin activation is controlled by Rap1, we examined the effect of Rap1GAP in cells transfected with cDNA encoding GFP-Vh. Rap1GAP had no effect on Vh-induced Pac1-binding ([Figure 6c](#F6){ref-type="fig"}), indicating that vinculin-mediated integrin activation is independent of Rap1 activity. In contrast, expression of Rap1GAP prevented integrin activation induced by RIAM ([Figure 6c](#F6){ref-type="fig"}). Thus, in contrast to RIAM-driven integrin activation, activation in mature, vinculin-driven adhesions is independent of Rap1 activity.

We next addressed the mechanism of integrin activation by vinculin. Talin binding to integrins is the final essential step in inducing integrin activation ([@B35]). Recombinant talin was incubated with immobilized recombinant integrin β3 or β3(L746A), which has reduced affinity for talin ([@B14]) cytoplasmic domain, in the absence or presence of purified recombinant Vh. The integrin β3--talin interaction was enhanced in the presence of Vh ([Figure 6d](#F6){ref-type="fig"}). As expected, integrin β3(L746A) exhibited negligible interaction with talin in the presence or absence of Vh ([Figure 6d](#F6){ref-type="fig"}). We examined the capacity of vinculin to induce talin-integrin interaction in cells by using coimmunoprecipitation. We cotransfected αIIbβ3-expressing cells with plasmids encoding HA-talin in combination with GFP-Vh or GFP-Vh(A50I) and immunoprecipitated integrin αIIbβ3 with an anti-β3 antibody. Coexpression with Vh markedly increased the quantity of talin that coimmunoprecipitated with the integrin ([Figure 6e](#F6){ref-type="fig"}). In contrast, Vh(A50I) failed to increase the quantity of coimmunoprecipitated talin. Thus vinculin binding to talin increases the interaction of talin with the integrin β tail, leading to Rap1-independent integrin activation.

DISCUSSION
==========

Assembly of adhesions from integrin activation modules
------------------------------------------------------

Both adhesion formation and integrin activation require talin--integrin interactions; we now delineate two distinct mechanisms to promote these events. Previous work ([@B20]) showed that RIAM can form a quaternary complex with active Rap1, talin, and the integrin; hence this complex can be viewed as the core of a module in which the activated integrin is primed to enter into adhesions. We now find that vinculin promotes the talin--integrin association and integrin activation; hence the complex of vinculin, talin, and integrin forms the core of another module ([Figure 7](#F7){ref-type="fig"}). Of importance, these modules differ in their abundance in different cellular locales, in regulation of their formation, and in their major functions. Specifically, we show that RIAM is most abundant at the cell edge and lamellipodium, where it supports protrusion. Protrusive activity is likely because of RIAM\'s capacity to increase actin polymerization, probably via its interactions with ENA/VASP ([@B27]). In contrast, vinculin is enriched in maturing FAs, which begin at the lamellum/lamellipodial border, where vinculin reinforces the ability of the adhesion to transmit and bear force ([@B39]). Furthermore, the biochemical mechanisms that regulate formation of these modules differ markedly: formation of the RIAM module requires GTP-Rap1 and is therefore subject to rapid modulation by regulators of Rap1 guanine nucleotide exchange. In contrast, we show that the vinculin module does not directly require GTP-Rap1 or indeed energy input once the vinculin\'s autoinhibition is overcome either structurally, as shown here, or potentially by a combination of tension ([@B12]), PIP2 and F-actin ([@B3]), and paxillin phosphorylation ([@B33]) in cells. Thus, in mature FAs, the vinculin--talin--integrin complex can act as a stable link between the ECM and the actin cytoskeleton, whereas in the lamellipodium the RIAM module turns over rapidly under control of regulators of Rap1 and drives lamellipodial protrusion.

![Model comparing RIAM and vinculin-driven adhesion modules. RIAM induces integrin activation for focal complex formation during initial protrusion, a process that is dependent on Rap1 activity and drives membrane protrusion. Vinculin competes with RIAM for binding sites on talin, leading to stabilization of adhesions.](1354fig7){#F7}

Temporal utilization of modules in adhesion maturation
------------------------------------------------------

The capacity of vinculin to displace RIAM from talin is a binary molecular switch that can account for some of the changes in composition of maturing adhesions. In particular, we show that RIAM deposition precedes vinculin in maturing adhesions and that vinculin directly competes with RIAM both in vitro and in vivo. This binary switch--mediated temporal progression in abundance of the two modules accounts for some of the changes in composition and function as adhesions mature into FAs. Of importance, formation of the RIAM module requires Rap activation; this is can be achieved by soluble agonist--stimulated activation of calcium and diacyl-glycerol--regulated guanine nucleotide exchange factors such as CalDAG-GEF1 ([@B18]). In matrix-driven mesenchymal cell migration small FAK-containing nascent adhesions ([@B28]), signaling via CAS-Crk-C3G, may provide the activated Rap1 ([@B18]) at the leading edge that induces assembly of the RIAM modules. Thus adhesions can be viewed as an evolving assembly of modules; each module is composed of integrins in complex with specific elements that imbue each module with distinct assembly mechanisms and functional outputs.

There is great interest in defining the molecular composition, signaling properties, and ultimately the molecular structure of integrin-based cellular adhesions ([@B24]; [@B8]; [@B26]). Critical barriers to progress are the insolubility and the heterogeneity of these adhesions. Their insolubility results in extensive contamination of purified adhesions with other membrane structures, ECM components, and other ECM-binding proteins. Heterogeneity is due to the continuum of evolving forms of adhesions, which exhibit marked variability in composition, structure, and properties. The modular nature of adhesions implies that efforts to isolate and determine the protein composition of such modules in soluble form and to visualize the behavior of individual modules in cells may provide valuable insights into the assembly and function of integrin-based adhesions.

MATERIALS AND METHODS
=====================

Plasmids and antibodies
-----------------------

cDNAs encoding hexahistidine (His6)-human talin and chicken vinculin were provided by Robert Liddington (Burnham Institute, La Jolla, CA). Plasmids encoding glutathione *S*-transferase (GST)-- and GFP-vinculin and the vinculin D1 domain (amino acid residues 1--258; referred to here as Vh) were generated by PCR-based cloning. For construction of vinculin mutants (A50I and T12), GFP-vinculin wild-type cDNA was mutagenized by QuikChange Site-Directed Mutagenesis Kit (Stratagene, Santa Clara, CA). The mutations were verified by DNA sequencing. Viral constructs in FG12 encoding RIAM short hairpin RNA (shRNA; 2am and 3am) and control have been previously described ([@B20]). A cDNA encoding shRNA-resistant RIAM was generated by PCR and cloned into pTagBFP-N (Evrogen, Moscow, Russia). Viral constructs encoding RIAM-specific shRNA were cotransfected into 293T cells with gag-pol, VSV-G, and Rev constructs ([@B13]). Virus-containing supernatant was concentrated by ultrafiltration (EMD Millipore Corporation, Billerica, MA). mCherry-Vh and mCherry-talin were produced by replacing the GFP portion of cDNA encoding GFP-Vh or GFP-talin with mCherry. Monoclonal antibodies, anti-RIAM (Novus Biologicals, Littleton, CO), anti-talin 8d4 ascites (Sigma-Aldrich, St. Louis, MO), and anti-vinculin hVIN-1 ascites (Sigma-Aldrich) were purchased, and anti-RIAM rabbit polyclonal antibody was generously provided by V. Boussiotis (Dana-Farber Cancer Institute, Boston, MA). Fluorescein isothiocyanate, tetramethylrhodamine isothiocyanate (Santa Cruz Biotechnology, Santa Cruz, CA), and Alexa 647 (Invitrogen, Carlsbad, CA) conjugates of goat anti-mouse and anti-rabbit antibodies were purchased.

Cell lines and transfections
----------------------------

Vinculin-deficient and wild-type mouse embryonic fibroblasts (MEFs) were a gift from W. Ziegler (University of Leipzig, Leipzig, Germany). CHO cells stably expressing integrin αIIbβ3 (CHO-A5; [@B20]) or integrin α4β1 (CHO-α4; [@B30]) and NIH 3T3 fibroblasts were cultured in DMEM (Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum, nonessential amino acids, and glutamine. Transient transfections were conducted using Lipofectamine-Plus Reagent (Invitrogen) or by FuGeneHD Transfection Reagent (Promega, Madison, WI), according to manufacturer\'s suggested protocols, or by nucleoporation with the Amaxa system (Lonza, Cologne, Germany), according to the manufacturer\'s recommended conditions.

Microscopy
----------

For fixed sample imaging, cells were adhered to the indicated substrate for 1--2 h at 37°C, rinsed once in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH~2~PO~4~, 8 mM Na~2~HPO~4~, pH 7.4) and fixed with 3.7% formaldehyde in PBS for 10 min. Cells were permeabilized with 0.1% Triton X-100/PBS for 5 min and stained with primary antibodies in 0.01% TX-100/2% bovine serum albumin (BSA)/2% normal goat serum/PBS and counterstained with secondary antibodies. Coverslips were mounted on glass slides in Prolong Gold antifade reagent (Invitrogen) or Fluosave mounting reagent (Calbiochem, La Jolla, CA) for epifluorescence imaging. Epifluorescence images of cells were acquired with a 60× oil immersion objective on either an Eclipse TE2000U microscope (Nikon, Melville, NY) equipped with the appropriate excitation and emission filter sets (Semrock, Rochester, New York), 14-bit cooled charge-coupled device (CCD) camera (CoolSnap HQ, Photometrics, Tucson, AZ), electronically controlled *z*-stage (Ludl, Hawthorne, NY) and software controlled by QED InVivo (Media Cybernetics, Bethesda, MD) or an IX81 inverted microscope (Olympus, Tokyo, Japan) equipped with a CSU-X1-A1 spinning-disk head (Yokogawa, Tokyo, Japan), electron-multiplying CCD 14 bit 1K × 1K camera (Hamamatsu, Hamamatsu, Japan), four laser lines (405, 488, 560, 640 nm), and software controlled by Volocity (PerkinElmer, Waltham, MA). Some images as shown are maximal projections of images acquired at 0.1-μm *z*-section intervals and deconvolved using the 3D Blind Deconvolution algorithm of AutoQuantX (Media Cybernetics).

TIRFM imaging was performed on either an Olympus IX-81 cell-TIRF microscope equipped with a 60×/numerical aperture (NA) 1.49 Apo TIRF objective, electronically controlled shutters and filter wheels (Sutter, Novato, CA), a CoolSnap HQ2 cooled CCD camera (Photometrics) controlled by MetaMorph software (Molecular Devices, Sunnyvale, CA), and solid-state 488-nm (10 mW) and 561-nm (20 mW) lasers (Melles Griot, Albuquerque, NM), or the Applied Precision (Issaquah, WA) OMX Super Resolution System (equipped with a ring TIRF module) with 100× objective (NA 1.40). Samples were typically illuminated at incident laser angles that achieve a calibrated evanescent wave penetration depth of ∼75--85 nm. For live-cell imaging, cells were seeded onto substrate-coated coverglass mounted on a Chamlide chamber (Quorum Technologies, Guelph, Canada) for 1 h before imaging. During imaging, cells were maintained in a Weather Station (Precision Control, Sammamish, WA) environmental control chamber (37°C, 5% CO~2~ and humidity) fitted onto the cell-TIRF microscope. For TIRFM imaging of fixed samples, cells fixed on coverslips were immunostained as described, then mounted on a Chamlide chamber and imaged while submerged in PBS. Additional postacquisition processing of images was performed using Volocity, ImageJ (National Institutes of Health, Bethesda, MD), and Photoshop (Adobe, San Jose, CA). The Manders coefficient and the Pearson coefficient were calculated by plug-ins for ImageJ from [www.uhnresearch.ca/facilities/wcif/imagej/colour_analysis.htm](http://www.uhnresearch.ca/facilities/wcif/imagej/color_analysis.htm) and <http://rsbweb.nih.gov/ij/plugins/colocalization-finder.html>, respectively.

Cell-edge tracking
------------------

Live-cell imaging was performed on a Olympus IX81 inverted microscope with a 63×/NA 1.42 objective fitted with a Weather Station environmental control chamber maintained at 37°C and 5% CO~2~ and humidity. The instrument control and image acquisition were done by Volocity software. Subsequently, fluorescence images of cells transfected with mCherry Ras-Caax were input into a custom-built software package written in Matlab (MathWorks, Natick, MA; [@B32]) to detect cell edges. The overlaid mask for the cell edge at each time point was pseudocolored to indicate the time of acquisition. Similarly, the software calculated the changes in protrusion area with respect to time, which were displayed using Prism 5 (GraphPad Software, La Jolla, CA), and statistical comparisons used Student\'s *t* test.

Flow cytometry
--------------

As previously described ([@B20]), CHO-A5 cells were transfected with the indicated plasmids and harvested after 24 h. Cells were incubated with PAC1, an integrin αIIbβ3--activation specific antibody. After being washed, the cells were incubated with R-phycoerythrin--conjugated goat anti-mouse immunoglobulin M secondary antibody. PAC1 binding to live and GFP-positive cells was then measured with two-color FACS Calibur (BD Biosciences, San Diego, CA), and the obtained data were analyzed with CellQuest software (BD Biosciences). Activation status of integrin was quantified by calculating the activation index, defined as (*F* − *F*~o~)/(*F*~max~ − *F*~o~), where *F* is the median fluorescence intensity (MFI) of PAC1 binding, *F*~o~ is the MFI of PAC1 binding in the presence of a competitive inhibitor, integrilin (10 μM), and *F*~max~ is the MFI of PAC1 binding in the presence of the activating antibody anti-LIBS6 (2 μM).

In vitro protein interaction assay and immunoprecipitation
----------------------------------------------------------

Purification of recombinant His6-talin, His6- and GST-vinculin head (Vh), and GST-RIAM (1--301) for protein interaction assay was performed per manufacturer\'s protocols (GE Healthcare Biosciences, Piscataway, NJ). For competition experiments, progressively increasing amounts of purified His6-Vh or Vh(A50I) were added to a mixture of matrix-immobilized GST-RIAM and soluble His6-talin in binding buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Triton X-100, protease inhibitor \[complete mini; Roche, Indianapolis, IN\], E-64 \[10 μM; Sigma-Aldrich\], and phenylmethylsulfonyl fluoride \[1 mM; Sigma-Aldrich\] in ethanol with BSA \[2 mg/ml\]) and incubated at 4°C for 2 h. After washing, bound proteins were fractionated by SDS--PAGE and detected by Coomassie blue staining. RIAM peptides (6-30 WT and 6-30-4E mutant) used for the competition experiment have been described ([@B29]). RIAM peptide was added to the mixture of soluble His6-talin and immobilized GST-Vh in binding buffer and incubated at 4°C for 2 h. After washing, bound proteins were separated by SDS--PAGE and stained by Coomassie blue. For affinity chromatography with integrin cytoplasmic tails, recombinant biotinylated His6-Avi-tagged integrin tail ([@B2]) was incubated with Neutr­Avidin agarose (Thermo Scientific, Waltham, MA) overnight at 4ºC. After washing, integrin tail--coated beads were mixed with His6-talin in the presence or absence of His6-Vh in reaction buffer and incubated at 4°C for 2--4 h. After washing, bound proteins were fractionated by SDS--PAGE and detected by immunoblotting. Loading of affinity matrix with integrin tails was confirmed by Coomassie blue staining of SDS--PAGE--fractionated proteins. For immunoprecipitations, CHO-A5 cells were transfected with the designated plasmids and grown at 37°C. At 24 h after transfection, cell lysates were prepared in a lysis buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 0.5% Igepal CA-630), and the lysates were mixed with rabbit polyclonal anti--β3 integrin antibody for 4 h at 4°C. The immune complexes were captured by protein G--Sepharose (Invitrogen) and washed with lysis buffer. Bound proteins were eluted in SDS-sample buffer, fractionated by SDS--PAGE, and analyzed by immunoblotting.
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BFP

:   blue fluorescent protein

BSA

:   bovine serum albumin

CalDAG-GEF

:   calcium and diacylglycerol binding guanine nucleotide exchange factor

CAS-Crk-C3G

:   Crk-associated kinase/Crk/Crk-SH3 domain binding guanine nucleotide releasing factor

ECM

:   extracellular matrix

FA

:   focal adhesions

FAK

:   focal adhesion kinase

GFP

:   green fluorescent protein

GST

:   glutathione *S*-transferase

MFI

:   median fluorescence intensity

PIP2

:   phosphatidylinositol 4,5-bisphosphate

Rap1

:   Ras-related protein 1

Rap1GAP

:   Rap1 GTPase-activating protein

Riam

:   Rap1 Interacting adaptor molecule

shRNA

:   short hairpin RNA

TIRFM

:   total internal reflection fluorescence microscopy

VASP

:   vasodilator-stimulated phosphoprotein

Vh

:   vinculin 1--258aa
